Objective: To utilize real-time electrical impedance tomography to guide lung protective ventilation in an animal model of acute respiratory distress syndrome. Design: Prospective animal study. Setting: Animal research center. Subjects: Twelve Yorkshire swine (15 kg). Interventions: Lung injury was induced with saline lavage and augmented using large tidal volumes. The control group (n = 6) was ventilated using ARDSnet guidelines, and the electrical impedance tomography-guided group (n = 6) was ventilated using guidance with real-time electrical impedance tomography lung imaging. Regional electrical impedance tomography-derived compliance was used to maximize the recruitment of dependent lung and minimize overdistension of nondependent lung areas.
C urrent strategies to provide lung protective ventilation rely on avoiding conditions that are known to cause lung injury, such as lung overdistension and repeated opening and collapse of atelectasis. To this end, the mechanical ventilation protocol as suggested by the National Institute of Health, National Heart Lung Blood Institute, Acute Respiratory Distress Syndrome Network (NIH-NHLBI-ARDSNet) clinical network remains the standard of care in mechanical ventilation (1) . However, this strategy does not account for the fact that optimal lung protective ventilation parameters, for example, those minimizing alveolar overdistension and atelectasis, are likely to vary considerably among patients with different underlying anatomy and superimposed disease states. There is a growing interest in the development of individualized acute respiratory distress syndrome (ARDS) treatment that accounts for this heterogeneity, for example, by individually guiding mechanical ventilation parameters in order to maximize gas exchange while minimizing ventilator-associated lung injury (VALI). A successful approach has used esophageal pressures to guide mechanical ventilation, improving both oxygenation and lung compliance (2) . The use of electrical impedance tomography (EIT), a noninvasive bedside regional lung imaging modality, allows individualization of ventilator settings using regional rather than global parameters. EIT has been demonstrated to be an accurate method of monitoring regional lung volume changes in animals and humans (3, 4) . More recently, EITderived parameters have been used to differentiate atelectatic, overdistended, and adequately recruited lung in different lung regions by a number of investigators (5) (6) (7) (8) (9) (10) (11) (12) . Despite the clear ability of EIT to monitor regional lung behavior, the use of EITderived indices of regional lung ventilation has not previously been associated with improved outcomes in animal models of lung injury or in humans with acute lung injury (ALI) (13) .
The aim of the present study was to utilize real-time EITderived parameters to guide positive end-expiratory pressure (PEEP) titration in order to maximize atelectasis reversal and minimize overdistension in all regions of the ventilated lung. The hypothesis was that EIT-guided ventilation as compared with ARDSnet ventilation improves respiratory mechanics and decreases VALI. We utilized an established animal model of lung injury and quantified gas exchange, ventilator parameters, histopathologic changes, and cytokine production to assess the ability of EIT imaging to enhance lung protective ventilation.
MATERIALS AND METHODS

Animal Preparation and Lung Injury
The animal protocol was approved by the Institutional Animal Care and Use Committee. Twelve Yorkshire swine (15.9 ± 1.6 kg) were placed in supine position, orally intubated, anesthetized, and paralyzed with continuous intravenous infusions of propofol, ketamine, and pancuronium. Once the animal was paralyzed, anesthesic depth was assessed using hemodynamic response to painful stimuli, with an increase in infusion rate of propofol and ketamine if the animal seemed too lightly sedated (14) . Intravascular arterial, central venous, and bladder access were obtained using ultrasound guidance. Lung injury was induced using repetitive saline lavage until a Pao 2 of less than 100 mm Hg on a Fio 2 of 1.0 and a PEEP of 5 cm H 2 O were achieved. Lung injury was then augmented over a 2-hour period by subjecting the animals to tidal volumes of 20 mL/kg and PEEP of 0 cm H 2 O. Animals were mechanically ventilated in a volume cycled ventilation mode. Animals were randomized to the control group or EIT-guided ventilation group. Following injury augmentation, the animals received 6 hours of ventilation either in the control group or in the EIT-guided group. The total duration of mechanical ventilation (including preparation and induction of lung injury) ranged between about 10 and 12 hours. Oxygenation index (OI) was calculated as mean airway pressure × Fio 2 × 100/Pao 2 and expressed as a unitless number.
Electrical Impedance Tomography
A single-plane, 16-electrode system (Dräger EIT Evaluation Kit 2, Dräger Medical, Lübeck, Germany) was used to image the basal portion of the lung at a 20-Hz frame rate. The strategy for electrode placement, data quality, and image processing has previously been described (11, 12) . Lung image reconstruction was performed according to the Graz consensus on EIT (15), using the Electrical Impedance and Diffuse Optical Reconstruction Software (16) . Briefly, the data processing sequence consisted of image reconstruction, tidal breath detection, and lung region of interest (ROI) detection. We then estimated regional compliance in four layers along the gravitational axis of the ROI, layer 1 being the most nonependent (ventral) and layer 4 the most dependent (dorsal) region. The whole EIT signal (a unitless percentage change from the reference signal) was calibrated to the simultaneously measured ventilator volume (in milliliters) by performing a linear regression between both measurements taken during the transition from PEEP to P plat (in cm H 2 O units) for all 12 animals (Figs. S1 and S2, Supplemental Digital Content 1, http://links.lww.com/CCM/A586). This calibration was applied at the regional level by dividing the total volume by the number of image pixels in the lung ROI, such that the calibrated EIT signal is a regional estimate of lung compliance in milliliters per centimeter H 2 O units.
Experimental Protocol
Control group: after the induction of lung injury, the control group was ventilated according to the protocol described by the NIH-NHLBI-ARDSNet Clinical Network (1): tidal volumes (V T ) of 6 mL/kg, permissive hypercapnia, goal Pao 2 of 55 mm Hg-80 mm Hg, the use of incremental Fio 2 /PEEP combinations as described in the Fio 2 /PEEP grid, and attempt to limit plateau pressures to 30 cm H 2 O. If P plat was greater than 30 cm H 2 O, then V T was reduced by 1 mL/kg to a minimum of 4 mL/kg. Ventilator settings were adjusted every 30 minutes after an arterial blood gas was obtained.
EIT was applied for retrospective analysis only, and investigators were blinded toward EIT-based regional lung mechanics during the experiment. EIT-guided group: animals received V T = 6 mL/kg, and PEEP was adjusted every 5 minutes with the goal of maximizing lung compliance in the most dependent lung region (layer 4). A three-step algorithm was designed based on EIT data collected in a previous stepwise lung recruitment maneuver trial that demonstrated the relationship between increases in compliance of dependent lung regions and physiological recruitment in critically ill patients with early ALI/ARDS (11) In summary, the approach was to open the dependent lung regions and subsequently carefully decrease PEEP to minimize lung overdistension in the nondependent lung regions.
Fio 2 was decreased by 0.2 to a minimum of 0.4 after 30-minute intervals when Pao 2 to Fio 2 (P/F) ratio was ≥ 300 mm Hg. If P plat was > 50 cm H 2 O, then V T was reduced by 1 mL/kg to a minimum of 4 mL/kg. In comparison with the control group, a higher P plat was accepted in case higher levels of PEEP were transiently required to optimize recruitment of layer 4.
Inflammatory Markers
Blood samples were collected at baseline and at every hour of the experiment. Bronchoalveolar lavage (BAL) samples were obtained at baseline, after injury augmentation, and at the end of the experiment. Levels of interleukin-8 (IL-8) in the serum and BAL samples were quantified by enzyme-linked immunosorbent assay using the Quantikine Porcine IL-8/CXCL8 immunoassay (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions.
Computed Tomography Image Reconstruction and Analysis
Upon completion of the 6-hour ventilation protocol, five animals (three from the control group and two from the EIT-guided group) were transported to a CT imaging suite in order to compare the regional distribution of ventilation measured by simultaneous EIT and CT. Each animal was transported on the ventilator while ventilator settings were maintained at the last peak inspiratory pressure, PEEP, respiratory rate, and tidal volume settings of the 6-hour ventilation period in both EIT and control animals. Whole-lung CT was performed with a Siemens Somatom Sensation 64 scanner (Siemens Medical, Munich, Germany) with simultaneous EIT imaging during a 15-second inspiratory and expiratory hold maneuver using the most recent P plat and PEEP settings, respectively. All images were acquired no later than 30 minutes after the ventilation protocol ended. Images were obtained with and without the EIT belt in place to ensure that the belt did not affect assessment of the lungs by introducing CT image artifacts.
The regional distribution of ventilation was estimated using the approach of Victorino and Borges (4, 17) . Using the single nearest CT slice to the level of the EIT electrode plane, the lung periphery was manually traced for each image and the enclosed region was divided into four quadrants. Each quadrant's average Hounsfield unit (HU) value was obtained at inspiratory and expiratory holds, and the difference was calculated. The regional distribution of ventilation was estimated as the difference in average HU within each quadrant between inspiration and expiration, and it was expressed as a percentage of the total difference in HU in all four quadrants (Supplemental Methods and Fig. S3 , Supplemental Digital Content 1, http://links.lww.com/CCM/A586). All CT image analysis was performed using Synapse 3D (Fujifilm Medical Systems USA, Stamford, CT). These percentages were compared with their EIT-based analogs, which were calculated using the total impedance change per quadrant of the lung ROI (Table S1, Supplemental Digital Content 1, http://links. lww.com/CCM/A586). EIT and CT estimates of regional distribution of ventilation were analyzed using the limits of agreement approach of Bland and Altman (18) (Fig. S4 , Supplemental Digital Content 1, http://links.lww.com/CCM/ A586). Animals were sacrificed after conclusion of the CT scan or, when no CT was done, after conclusion of the ventilation protocol at equal time points.
Histopathology
Four samples of lung tissue were excised from each animal: left ventral, right ventral, left dorsal, and right dorsal. Formalin-fixed paraffin-embedded 5-μm sections of lung were stained with hematoxylin and eosin. A pathologist (SV) blinded to the intervention group and the area of the lung sampled examined all tissue at ×40-100 magnification; areas of pathology were further evaluated at ×200-600. Once all pathologic features were noted, each feature was quantified using a scale as previously described (19) . Granulocytes (granulocytic inflammation within alveolar spaces), alveolar septal expansion (thickened alveolar septal walls due to edema and/or cellular infiltrate), alveolar blood (presence of airspace red blood cells), and interstitial hemorrhage (presence of blood in interstitial tissue) were graded on a scale of 0 (none) to 3 (severe). Hyaline membranes (HM) (rims of dense homogeneous eosinophilic material closely applied to alveolar walls) and airway luminal membranes (composed predominantly of fibrin and sloughed epithelial cells closely applied to airway walls) were recorded as present or absent.
Statistical Analysis
Analysis of variance (ANOVA) using a linear mixed model approach was used to account for the repeated measurements (multiple measurements within the same animal) (20) . The Akaike information criterion was used to assess the goodness of fit of the model to the actual data (21) . For statistical analysis of histopathology, the two groups were compared using a repeated-measures ANOVA model to account for multiple lobes within the same animal in comparing EIT and control groups. The same strategy was applied using a binomial distribution for HM and airway fibrin (AF) as these variables were binary (present/absent) outcomes. Bland-Altman analysis was applied to assess the agreement between CT and EIT regarding V T regional distribution with paired t tests to compare the two methods. The intraclass correlation coefficient with 95% confidence interval (CI) was computed to measure the correlation between EIT lung compliance and global lung compliance measured by the ventilator based on all 12 animals. Statistical analysis was performed with the IBM SPSS 18 software (IBM, Somers, NY).
Our a priori intention was to have sufficient power to identify a 50% mean increase in global respiratory system compliance between the EIT-guided and control subjects, which would be biologically significant for this model (i.e., 6 ± 2 mL/ cm H 2 O vs. 4 ± 2 mL/cm H 2 O). This translates to a standardized effect size estimate of 2 mL/ cm H 2 O divided by a pooled standard deviation of 2 mL/cm H 2 O = 2.0, which is a rather large anticipated effect on the primary endpoint. To detect this effect, a total sample size of 12 animals with six randomized to each group would provide 80% power based on a twosample Student t test (version 7.0, nQuery Advisor, Statistical Solutions, Saugus, MA).
RESULTS
Physiological and Respiratory Outcomes
Repeated-measures ANOVA indicated a difference between the EIT-guided group and the control group over the full 6 hours of the study (all averaged values over the 6-hr protocol; 95% CI reported in square brackets): the level of PEEP was higher in the EIT-guided group (PEEP EIT (Fig. 1) .
There was a moderate correlation between EIT-derived total lung compliance and global lung compliance as measured by the ventilator based on all 12 animals (intraclass correlation coefficient = 0.68; 95% CI, 0.58-0.77, p < 0.001; n = 146 measurements).
During the first 30 minutes of the ventilator protocol, the following difference was observed: plateau pressures were initially elevated in the EIT group (PPlat EIT 
Inflammatory Markers
Mean levels of IL-8 in the BAL fluid increased over time in both groups (p = 0.002, repeated-measures ANOVA) (Fig.  2) . There were no differences in IL-8 between the EIT-guided group and the control group before lung injury (p = 0.71), after lung injury (p = 0.34), or after 6 hours of ventilation (p = 0.97). The levels of IL-8 in serum were undetectable.
Lung Computed Tomography
The bias between EIT and CT measurements was 0% on average with a standard deviation of the difference of 8%. Therefore, the upper and lower 95% limits of agreement were ± 16% (supplement data, Supplemental Digital Content 1, http:// links.lww.com/CCM/A586). Comparative CT and EIT images of one animal are shown in Figure 3 . Video images showing the evolving changes in regional lung compliance over time for both the control and the EIT group are shown in Supplemental Digital Content 2 (http://links.lww.com/CCM/A587).
Histopathologic Outcomes
The presence of HM and AF was reduced in the EIT-guided group compared with the control group. (HM 42% samples in the EIT-guided group vs. 67% of samples in the control group, p < 0.01; AF 75% samples in the EIT-guided group vs. 100% in the control group, p < 0.01; all repeated-measures mixed-model ANOVA to account for multiple samples within the same animal). There were no differences for the scores of granulocytes, alveolar blood, interstitial hemorrhage, or alveolar septal expansion (Table 1 and Fig. 4) . As for the qualitative histopathologic assessment of lung, evidence of ALI was seen to varying degrees in animals from both intervention groups. HM, characterized by dense eosinophilic material rimming alveolar septa, when seen, occurred in a patchy distribution. Airway injury consisted of intraluminal eosinophilic material including fibrin and poorly preserved cells resembling sloughed epithelial cells, often applied to airway walls in a membranous pattern. Granulocytes were present in airspaces, often with concomitant alveolar septal thickening (alveolar septal walls expanded by edema and/or cellular infiltrate). Intraalveolar blood was seen. Also present was interstitial hemorrhage occurring around bronchovascular bundles and in the pleura and interlobular septa, in a pattern characteristically associated with acute dissection of air. Respiratory and physiological parameters of the electrical impedance tomography (EIT)-guided group and the control group over 6 hr of the experiment. Positive end-expiratory pressure level was significantly higher in the EIT-guided group, without differences in plateau pressures (A, B) . EITderived regional compliances in nondependent areas showed no difference between the groups (C), whereas regional compliances in the dependent lung areas were improved in the EIT-guided group (D). Overall respiratory system compliance measured at the airway opening was improved in the EIT-guided group (E). Tidal volumes normalized by subject weight were not different between groups (F). Pao 2 to Fio 2 ratio was significantly higher, and oxygenation index was significantly lower in the EIT-guided group (G, H). Heart rate and mean arterial pressure were lower in the EIT-guided group, and mean arterial blood pressure was not different (I, J) . p values indicate the main effect of the group (EIT guided or control) according to repeated-measures analysis of variance. Error bars denote standard error of the mean.
DISCUSSION
The main findings of this study in an animal model of ARDS in Yorkshire swine are: 1) EIT-guided mechanical ventilation resulted in higher levels of PEEP throughout the protocol; 2) plateau pressures in the EIT-guided group were higher only for the first 30 minutes and then were similar to those in the control group; 3) whole-lung respiratory compliance was improved in the EIT-guided group, as was regional compliance in the dependent lung region; 4) the EIT-guided group had higher P/F ratios and lower OIs throughout the protocol; 5) there was a good correlation between EIT-and CT-derived markers of aeration; 6) EIT-guided mechanical ventilation resulted in less ventilator-induced lung injury as evidenced by HM and AF. In particular, it appears that the EIT-guided ventilation ameliorated distal airway epithelial necrosis, as evidenced by a reduction in airway necrotic debris and fibrin. Alveolar capillary vascular permeability also appeared to be mitigated, as evidenced by reduced alveolar HM. Although there was a general increase in BAL IL-8 over time, no difference in IL-8 between the groups was detected. These findings suggest that EIT-derived parameters are effective in reducing VALI primarily by identifying collapse in atelectasis-prone lung regions and allowing upward titration of PEEP to achieve optimal lung recruitment. Furthermore, despite higher levels of PEEP in the EIT-guided group, plateau pressures were only transiently higher during the first 30 minutes of the protocol. After the initial 30 minutes, the EIT-guided animals had improved lung compliance, allowing for higher levels of PEEP without concomitant increases in plateau pressures. Previous studies have demonstrated that recruitment maneuvers guided by gas exchange (11, 22) or global compliance (23) result in physiologic lung recruitment. We have previously shown that reversal of EIT-derived regional atelectasis in the most dependent part of the lung precedes physiologic lung recruitment during a lung recruitment maneuver in children with ALI (11). Although significant lung overdistension occurred during this recruitment maneuver as evidenced by reduced regional lung compliance measured by EIT, it was also shown that larger volumes of recruitable lung as assessed by EIT-derived regional compliance measurements were associated with improved gas exchange in response to lung recruitment by increasing plateau pressures (11) . These findings were fundamental to the EIT algorithm used in the present study and suggest that transient overdistension (primarily in nondependent lung) does not result in lung injury and is essential to achieve optimal reversal of atelectasis. Patients with higher amounts of recruitable lung volume have been shown to be particularly prone to overdistension. Terragni et al (24) showed that tidal inflation in patients with large amounts of atelectasis on CT occurred in lung areas that were already overdistended, increasing ventilator-induced lung injury. On the other hand, Borges et al (22) reported an inverse relationship between arterial oxygenation and the amount of collapsed lung on multislice CT, suggesting that high airway pressures may be required to achieve full reversal of atelectasis and improved oxygenation. Grasso and coworkers (25) showed that an open lung protocol using maximal PEEP levels without increasing plateau pressures above 30 cm H 2 O (26) induced alveolar hyperinflation while recruiting lung volume in different animal models of ARDS, including in an animal model of saline lavage. This degree of overdistension was not observed in the present study during EIT guidance. It is possible that an individualized approach of recruiting atelectatic lung regions while monitoring for regional overdistension as used in the present study prevented lung overdistension more than an approach not taking into account the individual characteristics of each patient. Although a higher PEEP level per se did not improve outcome in patients with ARDS in three randomized studies, a meta-analysis revealed that a higher level of PEEP was associated with improved survival in a subset of patients with ARDS (27) . Future clinical studies should investigate whether EIT is capable of identifying patients who respond to higher PEEP levels, and whether higher PEEP levels can be applied safely during EIT guidance.
EIT has been previously used to describe regional lung volume changes in animal models (3, (28) (29) (30) (31) and in neonatal (32) , pediatric (33) , and adult patients (4, 34) with ARDS. Regional lung volume changes measured by EIT have been well correlated with regional lung volume changes seen on CT in animal (3) and human studies (4) , and good agreement between CT and EIT has also been shown in the present study. EIT has not been used effectively to improve outcome in patients with ARDS although its utility has been suggested by a number of researchers in the field (35) (36) (37) . One of the main barriers to larger scale studies has been the lack of agreement over EITderived outcome variables. Several EIT-surrogate measures of lung recruitment or lung homogeneity have been suggested for future use of EIT-guided ventilation. Muders and coworkers (38) utilized an index termed "regional-ventilation-delay" (RVD) as an estimate of the amount of tidal recruitment and suggested that this index could be useful in individualizing ventilator settings. To estimate RVD, a slow flow inflation maneuver was performed (12 mL/kg tidal volume and inspiratory time of 7.5 s), and the shape of the graph impedance change vs. time was used to differentiate between tidal recruitment and normal inspiratory breaths. Another surrogate measure, the "center of ventilation," has been used to identify homogenous lung ventilation by Frerichs and coworkers (32) during conventional ventilation and by this group during high frequency oscillatory ventilation (HFOV) (29) . Changes in the center of ventilation have been well correlated with changes in shunt fraction in this animal model of HFOV (29) . Zhao and coworkers (7) used an index termed "global inhomogeneity index" to correlate EIT with respiratory indices such as dynamic compliance. In summary, all described attempts have been retrospective attempts to correlate EIT-derived indices with either CT data or respiratory parameters. Several challenges toward developing a prospective approach as performed in the present study have been identified: several reconstruction algorithms exist, but need to be unified, an approach that was successfully pursued by the international GREIT initiative (15) . Just recently, real-time EIT became available, but there is currently no commercially available software to facilitate EIT-guided ventilation; the software used for the EIT-guidance reported herein was developed on site for the present study. Most available EIT systems produce rather bulky raw data as output, which requires the presence of a biomedical engineer in any EIT research group (CGL in this group). Reconstruction methods often are difficult to reproduce for other groups; the reconstruction approach used in this study has been made publically available on the EIDORS website (http://eidors3d.sourceforge.net/tutorial/lung_EIT/ cg_2012_ards_recruitment.shtml) by our group so that others can reproduce the results.
This study has important limitations: the exposure time to the mode of ventilation was only 6 hours; it is possible that a longer exposure to either mode of ventilation (control or EIT guided) would have yielded different results. Histologic examination of lung tissue at a single time point provides only a snapshot in the evolution of disease. The control group did not include any recruitment maneuvers or other additional strategies to target optimal PEEP, which are performed in some centers, but which are not widely recognized as standard of care. The EIT system only provides information about regional lung volume changes in a specific plane, while other differences may exist along the craniocaudal axis. EIT-guided PEEP was adjusted every 5 minutes, whereas in the control group, PEEP was adjusted every 30 minutes with each blood gas. However, it is unlikely that more frequent blood gas analysis alone would have yielded different results. Secondary confirmation of atelectasis and overdistension by CT was only performed in 5 out of 12 animals. Finally, this particular model of lung injury (saline lavage plus injury augmentation) may lack some of the relevant pathophysiologic aspects of ARDS and may be a model of lung injury that responds well to recruitment strategies. Rimensberger and coworkers (39) have introduced injury augmentation using large tidal volumes after saline lavage in order to enhance inflammation and barotrauma in this model. No animal model of ARDS perfectly represents human ARDS. In our disease model, one of the main pathologic features was the presence of HM, a characteristic histologic feature of human ARDS; however, the granulocytic inflammation seen in our animal model is not typical of human ARDS. In animal models comparing oleic acid-induced ARDS with saline lavage ARDS, it has been shown that both models respond to changes in ventilator settings in a similar fashion and have comparable lung mechanics although the injury characteristics were different (40, 41) . Even if the injury model used in this study may respond better to lung recruitment than human ARDS, histopathology of the animals revealed typical hallmarks of diffuse alveolar damage (42) . However, in our model of lung injury, it may have been easier to achieve optimal lung recruitment and avoid overdistension which may not be the case in patients with ARDS. In future studies, our proposed strategy of EIT-guided lung recruitment needs to be compared with other open lung ventilator strategies in different models of lung injury and ultimately in patients with ARDS.
CONCLUSIONS
We conclude that real-time EIT-guided ventilation in this study resulted in improved respiratory mechanics, improved gas exchange, and reduced histopathologic features of ventilator-induced lung injury. As shown before in other studies, EITderived markers of regional distribution of ventilation agreed well with CT findings. The approach used in this animal study could contribute to the design of a clinical trial using real-time EIT-guided personalized ventilation in the ICU.
